Complex forage mixtures (mixtures of more than three species) have been researched as a means to increase yield and sustain forage production in pastures of the northeastern United States. However, little research has focused on the economic impact of forage mixture complexity and grazing strategy on a whole-farm scale. We used the Integrated Farm System Model (IFSM) to examine the short-(2-yr) and long-term (25-yr) performance and economic returns of four pasture mixtures (two, three, fi ve, and seven species of grasses and legumes) and grass monocultures grazed according to plant morphology or canopy height criteria. For both 2-and 25-yr analyses, reduced pasture production in the morphology-based grazing strategy led to a decrease in net return compared to the height-based grazing strategy. Both analyses showed that the diff erences in net return were mainly due to seed, fertilizer, and feed costs, pasture production, and the income from excess forage sales. Production was more dependable for the height-based grazing strategy compared with the morphology-based strategy. Complex mixtures generated greater and more consistent net returns compared with either the simple mixtures or grass monoculture. More importantly, when comparing the diff erence in net return obtained by a particular forage treatment in dry and wet years, the net return using complex mixtures was reduced by only 25 to 27%. On the other hand, reductions in net return ranged from 36% for a three-species mixture to 55% for grass monoculture. For dairy pastures, complex mixtures are a useful alternative to reduce production variability in dry years.
M anagement-intensive rotational stocking as part of a livestock production system has been increasing in the United States (Casler and Undersander, 2005) . Th is trend is primarily the result of increased net profi ts from decreased feeding and harvest costs (Dart et al., 1999) . Rudstorm (2004) reported that use of management-intensive rotational stocking improved net profi t of dairies in the north central United States. Studies in the northeastern United States show an increase in profi ts from $40 to $300 per cow for management-intensive rotational stocking compared to confi ned dairies (Aiello, 2004) .
Animal production (either milk or meat) in grazing systems depends on the combination of forage quantity and quality produced. Research in natural grassland ecosystems has shown that environments with broader plant diversity tend to provide greater and more consistent plant community biomass (Tilman, 2001 ). Many researchers have explored the yield-diversity hypothesis in deliberately controlled plant diversity experiments with mixed results. Research in clipped plots has shown both a positive (Hector et al., 1999; Bullock et al., 2007; Kirwan et al., 2007; Picasso et al., 2008 ) and a negative (Piano and Annicchiarico, 1995; Tracy and Sanderson, 2004) impact of increased mixture complexity (i.e., greater numbers of plant species) on dry matter (DM) yield.
Similarly, research conducted under grazing has not yielded clear-cut results regarding mixed species pastures. In Canada, a study conducted with mixtures ranging in diversity from monoculture to a complex six-species mixture found that the complex mixture yielded more consistently compared with less diverse mixtures (Clark, 2001 ). In the northeastern United States, research with dairy cows showed an increase in DM production for the more complex mixtures (composed of three-to six-species) compared with a two species grass-legume mixture . More recently, a study conducted with beef steers (Bos taurus) in Illinois found that complex mixtures did not improve yield under grazing (Tracy and Faulkner, 2006) . Although complex mixtures have not consistently produced top yields, their yields are usually more stable from year to year and outproduce simple mixtures in dry years Skinner et al., 2004 Skinner et al., , 2006 . Fluctuation in weather is a major reason for inconsistent pasture production (Belesky et al., 1999) . For instance, in the northern prairies of the United States drought reduced pasture yield by 50% . Hence, the use of complex mixtures could decrease environmental production risks.
Even though much eff ort has been spent in clarifying the relationship between mixture complexity and DM production, little research has focused on the economic implications of using diff erent mixture complexities and grazing strategies on a whole-farm scale. In a study conducted in Minnesota that considered partial economic eff ects of mixture complexity, there was no economic benefi t for dairy production associated with more complex mixtures (Wedin et al., 1965) . In a more recent study that analyzed the economic impact of forage-plant diversity on a whole-farm scale, a six-species mixture was found to improve net return compared to a grass monoculture fertilized with N .
Long-term evaluation of pasture alternatives are both labor and time consuming due to the large amount of land, livestock, and personnel resources required. Th us, carrying out such studies in the "real world" becomes prohibitive. An alternative is to use computer simulation to study the long-term performance and economic impact of alternative management options where limited fi eld data is used to support model predictions.
Among several farm models available, the IFSM is most suitable because it provides a process-based simulation that integrates all major production processes at the whole-farm level (Rotz et al., 2005) . It integrates all important production aspects, from land use and cropping systems to timeliness of tillage, planting, and harvesting operations. Th e IFSM determines on a daily basis all resources and requirements for specifi c production objectives (e.g., dairy farms, beef operations, and cash-crop farms). Th e IFSM calculates the economic return based on feed production and purchase, feed utilization, production costs, and income from production sales (Rotz et al., 2009) . Additionally, IFSM estimates environmental aspects related to the specifi c production and soil characteristics. Th e IFSM and its predecessor, the Dairy Forage System Model, have been used to evaluate the whole-farm infl uence of multiple-species pasture dynamics (Corson et al., 2007) , implications of using soybean [Glycine max (L.) Merr.] and small grain crops on dairy farms (Rotz et al., 2001 (Rotz et al., , 2002 , and alternative silage systems for dairy production (Borton et al., 1997) .
Th e objective of this study was to evaluate the economic impact of altering the grazing strategy and the forage base on a typical dairy farm of Pennsylvania (PA). Specifi cally, IFSM was used to assess: (i) the eff ect of grazing initiation based on canopy height or plant morphology and (ii) the eff ect of increasing forage-species diversity from pure grass stands and a simple grass-legume mixture, up to a seven-species mixture. Th e economic impact of these alternatives was measured based on feed production, feed use, and net return of a typical dairy farm in Pennsylvania in both the short-term (2-yr) and long-term (25-yr). We also examined the impact of extreme weather (5 consecutive dry and wet years) on simulated economic returns.
MATERIALS AND METHODS
The Integrated Farm System Model Th e Integrated Farm System Model simulates crop production, feed use, and the return of manure nutrients back to the land for up to 25 yr of weather on a crop, beef, or dairy farm (Rotz et al., 2009 ). Growth and development of alfalfa, grass, pasture, corn, soybean, and small grain crops are predicted on a daily time step based on soil water and N availability, ambient temperature, and solar radiation. Th e multispecies pasture component predicts sward botanical composition, net herbage accumulation, and the crude protein and neutral detergent fi ber contents of the herbage (Corson et al., 2007) . Tillage, planting, harvest, storage, and feeding operations are simulated to predict resource use, timeliness of operations, crop losses, and nutritive changes in feeds. Model evaluation has included a comparison of predicted pasture yield, composition and nutrient contents to values measured in a 2-yr fi eld study (Corson et al., 2007) .
Feed allocation and animal response are related to the nutritive value of available feeds and the nutrient requirements of the animal groups making up the dairy herd. When available, pasture is given fi rst priority in the allocation of forage in animal rations. Any remaining forage requirement is met through farm-produced and purchased hay and silage. Rations for each animal group are balanced using energy and protein concentrate feeds to meet nutrient requirements for the target growth and milk production (Rotz et al., 1999) .
Simulated performance is used to determine production costs, incomes, and economic return for each year of weather (Rotz et al., 2009) . A whole-farm budget is used, which includes fi xed and variable production costs. Annual fi xed costs for equipment and structures are the product of their initial cost and a capital recovery factor where this factor is a function of an assigned economic life and real interest or discount rate. Th e resulting annual fi xed costs are summed with predicted annual expenditures for labor, resources, and products used to obtain a total production cost. Labor cost accounts for all fi eld, feeding, milking, and animal handling operations. Th is total cost is subtracted from the total income received for milk, animal, and excess feed sales to determine a net return to the herd and management. Tax implications or other government subsidies are not included in the economic analysis.
Th e IFSM was modifi ed slightly to accomplish the objectives of this study. In the case of the short-term analysis and in contrast to most previous uses of the IFSM, where pasture production is predicted using a process-based model, the pasture subroutine was modifi ed to allow manual input of pasture production and nutritive values. Th us when pastures were specifi ed (as part of the land use), the program read data generated in a fi eld experiment (for complete descriptions of the fi eld experiment refer to Deak et al., 2009 ) instead of generating it through simulation. In the case of the long-term analysis, IFSM was used with the process-based pasture component, but pasture yield was adjusted (as described in the long-term analysis section below) to appropriately represent measured values.
Farm Description and Management Scenarios Short-Term Analysis
To evaluate grazing management and mixture complexity eff ects on net return of a dairy farm, eight diff erent management scenarios (two grazing-strategies and six forage alternatives ranging from a monoculture up to a seven-species mixture) were compared on a representative farm. Each scenario was modeled as an established production system; hence, transition from one management alternative to another was ignored.
Th e base farm represented a 100-ha dairy farm in Pennsylvania. Th e soil was a clay loam of medium depth with gently sloping terrain (3-8%). Crops were rotated with 30 ha of alfalfa (Medicago sativa L.), 40 ha of maize (Zea mays L.), and 30 ha of pasture. Th e stand life of the pasture aff ects economic returns of grazing dairies, with a greater net return as stand life increases . For the present study, stand life was set to 5 yr for all forage treatments to represent an average stand life . Alfalfa was harvested primarily as silage (fi rst, third, and fourth harvests) with one harvest (the second) for dry hay. Maize was harvested as silage to fi ll the existing silo; the remaining maize crop was harvested as high-moisture grain. Th e pasture was grazed by all classes of cows during the growing season. Alfalfa and maize silages were stored in bunker silos, and a stave silo was used for high-moisture grain.
Th e herd consisted of 100 lactating Holstein cows, 40 replacement heifers >1 yr old and 35 heifers <1 yr of age. Cow replacement rate was set at 35% per year. Cows were milked in a double-six parlor. Th e annual target milk production was set at 9091 kg cow -1 . Protein needs were satisfi ed with a combination of soybean meal and a less ruminally degradable protein mix. All cattle were housed in a free-stall barn. Th e manure was removed by daily scraping, stored for up to 6 mo in a concrete tank, and applied to the cropland (maize and alfalfa).
Prices were set to represent long-term relative prices by averaging prices for each input over 5 yr, which were not necessarily current prices (Tables 1 and 2) . Input values used in these analyses are presented in 2006 dollars. A real interest rate of 6% yr -1 was applied to all investments in machinery and facilities. Annual property tax was set at 2.3% of the estimated assessed value of land and buildings. Simulations were done for two consecutive years using weather data collected at State College, PA. Table 1 . Economic parameters and prices used for the analysis of different grazing management and forage strategies on a representative Pennsylvania dairy farm. Prices (U.S.$) were set to represent long-term relative prices in current value, which were not necessarily current prices. Two grazing management strategies and six forage treatments (represented by the pasture land use) were simulated and compared (Table 3) . Th ese scenarios were achieved by modifying the pasture subroutine of IFSM to allow manual input of pasture production and nutritive values, in contrast to most previous uses of the IFSM, where pasture production was predicted using its process-based submodel. Th us, when dynamics of the 30 ha of pastureland were simulated, the program read data generated in a fi eld experiment performed near State College, PA (Deak et al., 2009) .
Th e two grazing management strategies were a "height-based grazing schedule" (grazing began whenever the mean height of the sward reached 25 cm, which is a standard grazing guideline; Hall 2004) and a "morphology-based grazing schedule" (grazing began whenever the alfalfa reached bud stage). For species mixtures with more than four species (the maximum that can be simulated concurrently in IFSM), the four species with the greatest DM production observed in the fi eld experiment were simulated in the model. Th e eff ects of these two grazing strategies were evaluated in a fi eld experiment (Deak et al., 2009) and were represented by the variation in forage DM production and nutritive value used as model input for pasture production.
In all management scenarios evaluated, the major factors altered were forage DM production available for grazing and its nutritional value. Th ese forage characteristics were specifi ed for each grazing event and each species mixture evaluated. Th e mixtures were designed to evaluate the eff ect of N fertilization on cool-season grass pastures (by comparing mixtures 1 and 2; Table 3 ) and to compare the eff ect of increasing plant diversity of the mixtures on the overall economics of the farm (by comparing the eff ects of mixtures 1, 3, 4, 5, and 6). All forage treatments were grazed following the height-based and morphology-based grazing strategies.
Long-Term Analysis
To evaluate long-term impact of the alternative management scenarios on overall farm performance and economics, IFSM was used to simulate farm production over 25 yr of weather. Th e farm described in the previous section was used. In contrast to the short-term analysis, the process-based pasture model of IFSM was calibrated to generate the mean DM yields obtained in the fi eld experiment described by Deak et al. (2009) . Th is was accomplished adjusting the pasture yield potential so that the average simulated yield was similar to the measured yield for that treatment while maintaining the yearto-year variation due to weather eff ects (Rotz et al., 2009 ).
Extreme-Weather Analysis
Th e model also was run to determine the impact of these alternative management scenarios on net return during dry and wet years. Long-term weather data (103 yr of data from the Russell E. Larson Agricultural Research Center near State College, PA) was analyzed to fi nd a string of 25 yr that had 5 dry years, 5 wet years, and 15 normal years (Fig. 1) . Dry and wet years were defi ned as years with total rainfall during the growing season (May-September) 25% below and 25% above average, respectively . Th e weather data selected for the simulation ran from 1960 to 1985. Th en from the original weather data fi le, the fi ve driest and fi ve wettest years were extracted and saved as new weather fi les for the dry and wet runs, respectively. For the dry years, pasture yield was calibrated to produce, on average, the DM produced in the 2005 fi eld experiment, and for the wet years, pasture yield was calibrated to produce, on average, the DM produced in the 2006 fi eld experiment (Deak et al., 2009 ). Data are reported as means for all 25 yr, the 5 driest years, and the 5 wettest years.
RESULTS AND DISCUSSION
Th e economic simulations presented here were done for a representative dairy farm in Pennsylvania. Th us, the economic and production results presented do not refl ect actual values obtained by specifi c producers and should be interpreted solely as a comparison of the specifi c production strategies analyzed.
Short-Term Analysis
Diff erences in economic return between the two grazing strategies were due primarily to a lower pasture production in the morphology-based grazing strategy (Table 4) . Consequently, less forage was sold from the farm using the morphology-based strategy, which led to an 8% decrease in net return compared with the height-based grazing strategy. On the other hand, the morphology-based grazing strategy produced more consistent net returns year to year compared with the heightbased strategy as indicated by a smaller coeffi cient of variation (CV ; Table 4 ). In general, there were few diff erences among the variables studied due to pasture plant diversity (Table 4) . Forage diversity mostly aff ected forage DM production and subsequently the amount of excess forage for sale and the income generated by those sales (Table 4) . Additionally, seed and fertilizer costs were aff ected by the diff erent forage treatments. Despite higher seed costs, the fi ve-and seven-species mixtures generated greater net returns compared with either the orchardgrass (Dactylis glomerata L.)-alfalfa mixture or orchardgrass monoculture (Table 4) . Th e seven-species mixture generated the greatest net return and the orchardgrass monoculture with applied N fertilizer yielded the lowest net return.
Th ese results agree with those of Sanderson et al. (2006) in that forage plant diversity increased net return, but contrast with the results reported by Wedin et al. (1965) . Th e inconsistencies in the economic impact of increasing plant diversity may be explained in part by the economic analysis procedures used in these studies. Wedin et al. (1965) only performed partial economic analysis of milk production due to increased forage complexity, whereas Sanderson et al. (2006) and the present study analyzed the economic impact at a whole-farm scale. Additionally, milk production levels diff ered greatly among these studies. Wedin et al. (1965) reported milk yields of 16 kg cow -1 d -1 , whereas Sanderson et al. (2006) reported yields of 35 kg cow -1 d -1 . We used a production of 30 kg cow -1 d -1 . Another possible explanation for the diff erences among the three studies is the amount and price of N fertilizer used. Wedin et al. (1965) and Sanderson et al. (2006) applied 157 and 168 kg N ha -1 , respectively, whereas the present study used 250 kg N ha -1 . Nitrogen fertilizer price was U.S.$ 0.10 kg -1 greater in the Sanderson et al. (2006) study than that used in the present study. No price was reported by Wedin et al. (1965) , but the N price relative to milk price has increased since 1965 (USDA-NASS, 1965 and USDA-NASS, 2008) .
It is interesting to note that although the addition of N fertilizer to the orchardgrass monoculture increased forage production (as shown by the amount of grazed forage consumed; Table 4), this increase was not refl ected in the net return. Th is eff ect is explained by the relatively high price of N fertilizer and the level of N applied, which off set the increase in forage production. Th us when N fertilizer prices are high, lowering the application rates or including legumes in pastures are more cost eff ective. Th e economic advantage of using grass-legume mixtures rather than monoculture swards with addition of N fertilizer has been noted by Malhi et al. (2002) .
Th e production variability decreased (i.e., smaller CV for net return) as pasture diversity increased (Table 4) . Similarly, Sanderson et al. (2006) noted a decrease in production variability over 25 simulated years as plant diversity increased; they attributed this result to more consistent forage production by the complex mixtures. Increased plant diversity has been suggested to render biomass production more consistent in natural grasslands (Tilman, 2001 ). Other research in the northeastern United States has noted that complex mixtures increased DM production in dry years Skinner et al., 2004 Skinner et al., , 2006 . In the present study, the fi rst year (2005) was dry, and similar to previous fi ndings, complex mixtures produced greater forage production compared to simple mixtures and pure grass stands (Deak et al., 2009) . Additionally, forage DM production created a signifi cant proportion of the variation in net return (Fig. 2) . Th erefore, the consistency in net return for complex mixtures refl ects their more consistent DM production.
Th e 103 yr of weather patterns for State College indicated that, on average, a dry growing season occurred about every 6 yr ( Fig. 1) . Th e frequency of dry years in the northeastern United States is much lower compared to the 1-in-3-yr reported by Smart et al. (2005) in the Plains of the United States. Nevertheless, due to the diffi culty in predicting the occurrence of a dry year, and because complex mixtures on average produced as much DM as simple mixtures, planting complex pasture mixtures could be a useful alternative to help manage for environmental uncertainty (e.g., drought) by reducing production variability.
Long-Term Analysis
Long-term trends are better predictors of how diff erent forage treatments aff ect overall farm economics. In general, the results obtained from the long-term analysis were similar to those of the short-term analysis. Th e height-based grazing strategy produced more forage DM on pasture, which in turn increased the sale of excess forage. Because of diff erences in nutrient content, the morphology-based grazing strategy needed more protein and mineral supplements and less purchased grain than the height-based grazing strategy. Th ese diff erences in feed quantities purchased led to a greater feed cost for the morphology-based grazing strategy (Table 5 ). In all, the height-based grazing strategy produced greater net return than the morphology-based grazing due to greater income from feed sales and lower feed production costs (Table 5) . Additionally, production variability was lower (smaller CV of net return) for the height-based grazing strategy compared with the morphology-based grazing strategy. Th is result contradicts the short-term analysis (Table 4) . Production variability in this study (both for the short-term and long-term) was mainly aff ected by environmental variation because input and output prices remained constant. Th erefore, the long-term results are a better predictor of production dependability because they encompass a broader array of weather scenarios. Th erefore, grazing management based on sward-height criteria for the pasture mixtures compared in this study should be economically sound in the long term.
Th e economic eff ect of forage treatments was diff erent in the long-term analysis compared to the short-term analysis. Th e orchardgrass monoculture with N fertilizer produced greater net return compared with orchardgrass without N fertilizer (Table 5) . Th e major reason for this diff erence was that in the 25-yr simulation the excess forage produced by the addition of fertilizer off set the cost of the fertilizer (Table 5) . Additionally, growing orchardgrass without N fertilizer increased the cost of required protein and mineral supplements due to the lower protein content in the unfertilized forage. Nevertheless, using a simple alfalfa-orchardgrass mixture improved net return compared with orchardgrass with N fertilizer as noted by Malhi et al. (2002) . Comparing the two-and three-species mixtures with the fi veand seven-species mixtures, diff erences in feed produced, production costs, and net returns were small. However, the seven-species mixture produced the greatest net return with the lowest variation in production (Table 5) . Th e 25-yr simulations confi rm the short-term results in that planting complex mixtures improved overall farm profi t primarily due to greater DM yield.
Extreme-Weather Analysis
Th e results of simulating the fi ve driest and fi ve wettest years showed that not only was pasture -term (2-yr) analysis of grazing management strategies and forage mixture complexity on annual feed production, production cost, and net return of a representative Pennsylvania dairy farm.
Variable

Grazing strategy
Forage species treatments † Morphology Height 1 2 3 4 5 6
Feed production and purchases Mg DM Table 5 . Long-term (25-yr) analysis of grazing management strategies and forage mixture complexity on annual feed production, production cost, and net return of a representative Pennsylvania dairy farm. 13.7 † 1, Orchardgrass with 250 kg ha -1 of N fertilizer; 2, Orchardgrass without N; 3, Orchardgrass-alfalfa; 4, Orchardgrass-alfalfa-red clover; 5, Orchardgrass-alfalfa-red clover-tall fescue-chicory; 6, Orchardgrass-alfalfa-red clover-tall fescue-chicory-white clover-perennial ryegrass. ‡ Milking facilities, livestock expenses, and property taxes. production aff ected, but both maize and alfalfa production also decreased (Tables 6 and 7) . It is important to note that forage treatments responded diff erently to such climatic events. During dry years, net return increased as mixture complexity increased (Table 6 ). Th is is the result of an increase in pasture production in dry years by increasing the number of species in a mixture as noted by others Skinner et al., 2004 Skinner et al., , 2006 . In fact, the diff erences in pasture production in dry years were such that production systems with orchardgrass monocultures or orchardgrass-alfalfa required the purchase of forage, whereas three-, fi ve-, and seven-species mixtures produced excess forage that could be sold. During years of above average rainfall, both the two-and three-species mixtures produced more forage and greater net returns than the other treatments. It is also interesting to note that the addition of N fertilizer to pure grass stands led to greater net return in wet years than in dry years (Tables 6 and  7) . More importantly, when comparing the diff erence in net return obtained by a particular forage treatment in dry vs. wet years, the net return from the fi ve-and seven-species mixtures was reduced only 25 to 27%. However, the reductions in net return ranged from 36% for the three-species mixture up to 55% for pure grass stands. Th is gives supporting evidence to the increased consistency both in DM yield and net return of the complex mixtures as noted by Sanderson et al. (2006) .
Th erefore, complex mixtures are an appealing option for dairy producers that use grazing. Grazing strategy in dry and wet years yielded results similar to those in the long-term analysis. Th e height-based grazing strategy produced greater net returns both in dry and wet conditions due to greater pasture production (Tables 6 and 7) . Furthermore, annual net returns during dry years represented only 56% of those of wet years for the morphology-based grazing strategy compared with 62% for the height-based grazing strategy.
CONCLUSIONS
Th is series of simulations, supported by fi eld trials, indicated that grazing management and pasture species diversity aff ect overall farm net economic return. Th is is mostly a consequence of greater pasture DM production with certain grazing and forage treatments. Grazing strategy based on canopy height rather than plant morphology increased pasture DM production and net returns. Th e use of N fertilizer in pure stands of grass increased DM production (compared with grass monoculture without fertilizer) both in the short-and long-term analysis but increased net returns only in the long-term analysis. Increasing mixture complexity increased net return both in the short-and long-term analyses. Furthermore, botanically diverse forage mixtures (greater than three species) had lower production variability in all analyses. In dry years, these complex mixtures generated the greatest net returns whereas in wet years an orchardgrassalfalfa mixture generated the highest net return. However, when comparing the performance of forage treatments between wet and dry years, the complex mixtures decreased net return less than simple mixtures(less than three species). Consequently complex forage mixtures are a useful strategy for use on dairy farms to reduce forage production variability in dry years and thereby increase and stabilize annual net returns. Table 7 . Economic analysis of grazing management strategies and forage mixture complexity on annual feed production, production cost, and net return of a representative Pennsylvania dairy farm in wet years. Data are results of simulations of the fi ve wettest years.
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